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Abstract 
   The experimental determination of fatigue limit in case of steels represents an expensive and time consuming process not 
speaking about the necessity of a sufficient volume of representative material necessary for the specimens manufacturing, 
manufacturing of numerous test specimens, the need of an expensive (electrohydraulic) test equipment etc.  
   Microplastic strains occurring at stresses below the yield point play a significant role at cyclic loading of metals within high 
cycle fatigue region. The microplastic strains cannot be measured by common methods due to the discontinuity of their 
distribution and a varying character of their level in the metal structure, but however, owing to the magnetoelastic effect the 
threshold stress at which dislocation pile-up stresses begin to obstruct the magnetic domains in rotation to the direction of the 
tensile stress can be determined by means of changes in magnetic permeability during tensile loading.  
   In the paper, the changes of the magnetic permeability were measured indirectly – by means of the changes of the electrical 
impedance (a.c. resistance). The measurement was performed on the normalized low-carbon structural steel CSN 41 1375. The 
microplastic limit was determined by evaluation the ΔR-σ records. A comparison with the fatigue limit in a reversed fatigue 
loading showed that the MPL was below the fatigue limit. The microplastic limit can thus be considered to separate non-
damaging and damaging cyclic stresses. 
   The paper presents the results of the abovementioned characteristics what may shorten and make cheeper the determination of 
the fatigue limit and non-damaging cyclic stresses of structural materials. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of CETIM, Direction de l'Agence de Programme. 
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1. Introduction 
Microplastic strains occur below the fatigue limit, namely as a result of  dislocation movement in  favourably 
oriented microregions in the metal lattice. These strains cannot be measured by common methods due to the 
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
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discontinuity of their distribution and a varying character of their level in the metal structure. However, the 
threshold value of the applied stress at which dislocation pile-up stresses begin to obstruct the magnetic domains in 
rotation to the direction of the tensile strain can be determined by means of changes in magnetic permeability during  
tensile loading. This stress has been termed by Jones and Esin [1] as a “true elastic limit” or „microplastic limit”. In 
this paper, the latter term will be used and the stress itself will be denoted as MPL.  
A rough estimate of the minimum of MPL for  low-C steels can be obtained on the basis of the idea that a 
macroscopic yield stress is formed by several components, the basic one being the friction stress Rf. The friction 
stress is interpreted as the stress needed to move unlocked dislocations along the slip plane. Its magnitude is 
approximately Rf ≈ 40 MPa for the most of low-C and low-alloy steels [2]. If it is considered that the MPL 
corresponds to the applied stress upon which internal stresses around pile ups of dislocations start to obstruct 
magnetic domains to rotate to the direction of tensile strains, then the MPL magnitudes should be greater than 40 
MPa.  
Microplastic strains play a significant role at cyclic loading of metals in high cycle fatigue region. As it follows 
from scientific literature, e.g. [3], not only cyclic stresses above the fatigue limit, but also stresses below it can affect 
the total life of a structure upon its non-stationary loading. It is believed that MPL has a very strong linkage to the 
stress boundary between damaging and non-damaging stress cycles at fatigue loading of steels. 
The aim of this both theoretical and experimental research was to explore the possibility of 
utilization of magneto-elastic effect for the determination of the onset of microplastic strains in 
ferromagnetic materials (the microplastic limit MPL) and further to investigate the variation of 
the MPL during fatigue.  
2. Experimental background  
The magneto-elastic effect is an inverse effect to magnetostriction. When straining a ferromagnetic material, its 
permeability is increased in the direction of the applied tension and is decreased in the perpendicular direction 
(compressive strain) – providing the magnetic flux lines are parallel with the tensile strain. As the direct 
measurement of magnetic permeability is rather difficult, we have chosen an indirect measurement, namely (i) the 
measurement of the changes in a.c. resistance, the frequency of alternating current being 2 kHz, and (ii) the 
measurement of the changes in inductance of a cylindrical specimen with a wound up coil situated on it. A magneto-
elastic effect (the Villari phenomenon) was utilized in the both types of measurements.  
The tensile test specimens of a circular cross section were manufactured from CSN 411375 steel rods of 20 mm in 
diameter. The semiproducts cut from the rods were heat-treated /normalized (9150C/45 min/air). The machining of 
the specimens to their final dimensions (diameter 10 mm, gauge length 60 mm) was carried out afterwards on an NC 
lathe. The yield stress and the ultimate tensile strength (Re = 276 MPa and Rm = 426 Mpa) were determined and 
calculated as an average from three specimens. For the purpose of the a.c. resistance measurements, a tensile testing 
machine was furnished with a special jig to insulate grips for preventing current from flowing in parallel through the 
machine.  The a.c. resistance and inductance were measured by means of a specially developed apparatus making it 
possible to record and store the output signal by means of the Peekel – Autolog 18 bit bridge and the Autosoft NT 
software. 
A typical character of these changes is shown on Figs.1 and 2. It can be seen that the ideal mean curve of the 
inductance vs. stress hysteresis loop is an increasing function of the stress whilst that of the a.c. resistance vs. stress 
hysteresis loop is a decreasing function of stress. This is due to the concurrence of the direction of tensile strain and 
magnetic flux lines when measuring inductance and a perpendicularity between tensile strain and magnetic flux 
lines when measuring a.c. resistance.  
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Fig.1 Inductance (L) vs. stress (σ)             Fig.2  A.C. resistance (Rac) vs. stress 
 
The point of deviation from linearity on the increasing branch of either hysteresis loop can be considered to be the 
microplastic limit [4]. Except of marking the microplastic limit MPL, the zero stress values of inductance Lo and a.c. 
resistance Ro are also marked in these figures.  
3. Hysteresis loops L - σ and Rac - σ   during the application of stress cycles 
Push–pull fatigue tests of cylindrical specimens were carried out to obtain the corresponding S-N curve. On the 
basis of this curve the cyclic loading with the stress amplitude σa = 230 MPa was chosen to investigate the variation 
of  the L- σ and Rac- σ hysteresis loops. The corresponding mean life at this stress level was N = 30 230 cycles. The 
fatigue limit on the basis of 2 x 106 cycles was σf = 168 MPa. During the cyclic loading, not only the shape of 
hysteresis loops, but also their position relative to the y-axis of the co-ordinate system changed. A summary picture 
of selected L – σ hysteresis loops is presented in Fig.3. A similar picture of selected Rac – σ hysteresis loops is 
presented in Fig.4. The loading frequency was 1 Hz. 
 
 
Fig.3 A summary of the L – σ hysteresis loops 
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Fig.4 A summary of the Rac – σ hysteresis loops 
 
It can be noticed from the figures that, in these two particular cases, the life of the specimen used for the 
measurement of Rac (16 000 cycles) was more than two times shorter than the life of the specimen used for the 
measurement of L (38 099 cycles) . Besides a natural scatter, the influence of spot welding of the contacts can be 
seen there. During the first stress cycles, the hysteresis loops exhibit a relatively simple shape but, however, after the 
application of a certain number of stress cycles, the loops become more and more deformed  by crossing over the 
ascending and descending branches of the hysteresis loops upon the change of the direction of loading. This causes 
changes of the point of the deviation from linearity in the x-coordinate, i.e. the changes in the microplastic limit.  
4.  Variation of MPL during fatigue loading 
The  variation of the MPL with the number of applied  stress cycles was evaluated from the L – σ and Rac – σ 
loops.  Fig.5 represents the variation of both the L-based MPL and the zero-stress inductance Lo with the relative 
number of cycles applied. Similarly, Fig.6 represents the variation of both the Rac -based MPL and the zero-stress 
a.c. resistance Rac,o  with the relative number of applied cycles.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5 Variation of the L- based microplastic 
limit MPL and the zero stress inductance Lo 
with the relative number of stress cycles  
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CSN 411375; d=10 mm; specimen A1-R
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1-2% Nf), a steep increase up to ~ 15% Nf, and a steady increase up to ~ 90% Nf, a steep increase of MPL from ~ 
90% Nf and a very steep increase of Lo at the last tenths of cycles. It is also seen that, for this particular specimen, 
the minimum magnitude of the MPL was about 70 MPa, which was a greater value than the friction stress ( ≈ 40 
MPa).  
In the Fig.6, we can see an opposite trend. When the a.c. resistance increases, the MPL decreases, and vice versa. 
This is in agreement with the fact that the magnetic flux lines are perpendicular to tensile strains.  Moreover, owing 
to the skin effect, these dependences respond to the changes in the dislocation structure in a very thin surface layer. 
This is why the minimum of the MPL is shifted to approx. 0.3 n/N and an abrupt increase in the MPL starts at n/N ≈ 
0.95. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6 Variation of the Rac – based  microplastic limit MPL and the zero stress a.c. resistance Rac,o with the relative 
number of stress cycles 
5.  Discussion 
To some extent, this behaviour can be explained on the basis of dislocation density ρ, because there is a relation 
between magnetic properties of a ferromagnetic material and the dislocation density. Moreover, it can be supposed 
that the zero stress inductance Lo increases when the dislocation density increases. This assumption is supported by 
the results of the work of  Kikuchi et al. [5]. Reproduced from paper [5] a dependence of the intensity of ac 
permeability of a single Fe crystal on the dislocation density is presented on Fig.7.  
It is demonstrated in the Fig.7 that in the Fe monocrystal, the intensity of a.c. permeability at the excitation current 
frequency f = 1 kHz increases with the dislocation density up to about ρ = 109 cm-2. For higher densities, the a.c. 
permeability decreases.  
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Fig.7 Variation of the intensity of a.c. permeability with the dislocation density for Fe monocrystal (reproduced 
from [5]) – frequency of the excitation current f = 1 kHz 
 
If we imagine that the Lo in Fig.5 could be substituted by the a.c. permeability, then - owing to the similarity of 
trends MPL – n/N and Lo – n/N, we can suppose that the MPL increases with the dislocation density. For the ease of 
interpretation of the dependence of Lo and MPL on the number of stress cycles, the y-axis in the Fig.5 is 
supplemented by an indication of positive and negative changes in dislocation density. 
The variation of the zero-stress inductance during cycling can be roughly interpreted on the basis of the 
dislocation density. Two competing processes occur in the slip systems of the lattice, these being (i) annihilation of 
free (unlocked) dislocations and (ii) multiplication of dislocations (generation of new dislocation loops). Due to this, 
the density of dislocations varies. At the beginning of the cyclic loading, the process of annihilation prevails so that 
the dislocation density decreases. These results in both the easier motion of dislocations and the lower stress 
necessary for the dislocations to move in slip planes to grain boundaries and to form pile-ups there. After the 
application of some number of cycles, the situation starts to change. More dislocation loops are generated than 
annihilated. The net effect of this is a steady increase of the dislocation density followed by hardening of the 
material. When the effects of these two competing processes are approximately equal, the dependence of dislocation 
density on the number of cycles exhibits a minimum. During a further cyclic loading, the process of generation of 
more and more dislocation loops prevails and thus both the dislocation density and the MPL increase. When the 
relative number of cycles n/N reaches the magnitude of 0.8 – 0.9, the MPL will keep approximately a constant 
value. After the number of cycles exceeds approximately 92% of the fatigue life, the MPL starts to increase 
abruptly. This may be connected with the growth of a macrocrack.  
6.  Verification of the fatigue tests 
The cyclic loading to fracture at the reference level σref = 242 MPa was designated as the tests A. The mean life, 
calculated from the mean of the logarithm of the lives, was Nf*   = 17 688 cycles. Two-level block steps with the 
upper stress level equal to the reference stress and the lower stress lying below the fatigue limit FL were designated 
as the tests B and tests C if the lower stress in the block was higher or lower than the MPL respectively. The 
characteristics of these tests are summarized in Tab.1. 
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Tab.1 Stress levels and mean values of the cycles to failure 
 
test A B C 
σa1 (MPa) 242 242 242 
n1 (cycles) 17688 5896 5896 
σa2 (MPa) - 150 70 
n2 (cycles) - 106 106 
σa3 (MPa) - 242 242 
n3 (cycles) - 6698 16254 
Nf = n1 + n3 17688 12594 22150 
 
   It can be seen from Tab.1 that for the tests B and C, the number of cycles n1 realized at the stress level σa1 = 
σref was one third of the mean life at the reference stress level. If there is any influence of cyclic loading below FL, 
then the total life Nf = n1 + n3 at the reference stress should differ significantly from the mean life Nf*. The results 
in Tab.1 show that this is the case for the tests B with the stress level σa2 laying above the MPL. In the tests C, a 
deteriorating effect of cyclic loading below the MPL was not observed. The effect was rather slightly beneficial. The 
results of these tests are illustrated in Fig.8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8  Probability density diagrams for cyclic tests 
 
   The probability density curves in Fig.8 illustrate the deteriorated effect of the cyclic loading below the fatigue 
limit and above MPL for 106 cycles and the reduction of the total life at the reference stress whereas the cyclic 
loading below the fatigue limit improved it slightly.   
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7.  Conclusions 
a) The a.c. resistance and inductance measurements are a suitable tool for the determination of the microplastic limit 
of steel specimens. 
b) The results obtained on specimens from the CSN 411375 steel showed that the MPL values were greater than the 
friction stress, needed for unlocked dislocations to move in the lattice, but they were less than the fatigue limit 
during symmetrical reverse loading.  
c) The Rac measurement method is particularly advantageous for the specimens with a hardened and/or a softened 
surface layer for  the results reflect the situation in the surface layer due to the skin effect. This is important for 
cyclically loaded steel components, because the fatigue damage mostly begins at surface.  
d) For the assessment of an integral fatigue properties (in the bulk material), it is more convenient to use the method 
of inductance measurement.  
e) The block test-based  informative results showed that the microplastic limit divides damaging and non-damaging 
stresses below the fatigue limit. During the cyclic loading, the MPL itself is not a constant. It decreases at the 
beginning of the cyclic loading, reaches its minimum of about 70 MPa, and then it increases gradually again with 
the applied number of cycles up to the value of about 115 MPa before fracture. 
 
Acknowledgements 
This research was supported by RVO: 68378297 and by the Grant Agency of the Czech Republic, project No. 
P105/10/2052. 
 
References 
 
[1]  Esin A. and Jones W.J.D., “The Effect of Strain on the A.C. Resistance of a Metal; a Method of Studying 
Microplasticity,” British Journal of  Applied Physics, Vol. 18, 1967, p. 1251-1256 
[2]  Macek K., Cejp J., and Ganwarich Pluphrach, „Yield Strength of Low Carbon Cast Steels”,  Materials 
Engineering, Work-shop 2005, pp. 446-447. 
[3]  Linhart V. and Jelínek E., “Prediction of the Fatigue Life    and Damage Accumulation in  Components at 
Variable Cyclic Stresses”, Int. J. Pres. Ves. & Piping, Vol.5, 1975, pp.53-72 
[4]  Gajdoš, Ľ., Šperl, M., Kaiser, J. and Mentl, V., “A Comparison of Probable Magnitudes of the Microplastic 
Limit of CSN 411375 Steel Determined by the Inductance and Resist-ance Method”, Proc. Int. Conf. “Experimental 
Stress     Analysis”, Tábor, Czech Republic, 2012, pp. 103-110 
[5]  Kikuchi H., Henmi Y., Liu T., Ara K., Kamada Y.,  Kobayashi S., and Takahashi S.:  The Relation Between AC   
Permeability and Dislocation Density and Grain Size in  Pure Iron“, Int. J. Appl. Electromagnetics and Mechanics, 
Vol. 25,        2007, pp.341-346 
 
 
 
